Background: Ataxia telangiectasia (AT) is a genetic multisystem disorder, presenting with progressive ataxia, immune deficiency, and propensity toward malignancy. Endocrine abnormalities (growth retardation, reproductive dysfunction, and diabetes) have been described, however detailed information regarding this aspect is lacking. We aimed to characterize endocrine anomalies and growth patterns in a large cohort of AT patients. Methods: Retrospective study comprising all 52 patients (aged 2-26.2 y) followed at a national AT Clinic. Anthropometric and laboratory measurements were extracted from the charts. results: Median height-SDS was already subnormal during infancy, remaining negative throughout follow up to adulthood. Height-SDS was more impaired than weight-SDS up to age 4 y, thereafter weight-SDS steadily decreased, resulting in progressively lower BMI-SDS. IGF-I-SDS was low (−1.53 ± 1.54), but did not correlate with height-SDS. Gonadal failure was present in all 13 females older than 10 y but only in one male. Two patients had diabetes and 10 had dyslipidemia. Vitamin D deficiency was observed in 52.2% of the evaluated patients. conclusion: Our results suggest a primary growth abnormality in AT, rather than secondary to nutritional impairment or disease severity. Sex hormone replacement should be considered for female patients. Vitamin D levels should be followed and supplementation given if needed.
a taxia telangiectasia (AT), is a genetic disorder characterized by progressive cerebellar neurodegeneration, ocular telangiectasias, immunodeficiency, sensitivity to ionizing radiation, and increased predisposition to lymphoid malignancies (1, 2) . AT is caused by mutations in the ATM gene (HGNC:795), leading to complete absence or impaired function of the ATM protein kinase, a major activator of the cellular response to DNA double-strand breaks (DSBs) (3) .
A number of studies (1, (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) reported endocrine abnormalities in AT patients. However, patient series are mostly small, lacking detailed description of endocrine abnormalities, and outdated. Growth retardation has been repeatedly described in patients with AT (1, (4) (5) (6) 8, 12, 14) , and has been attributed to sinopulmonary infections (4) or to growth hormone or IGF-I deficiency (8, 14) . However, detailed description of growth patterns in these patients is not available. Several studies reported reproductive dysfunction with infertility, amenorrhea and anovulatory cycles in females, and disrupted spermatogenesis in males, probably due to gonadal failure (5, 6, 12, 15) . Insulin resistance and diabetes mellitus have been described in older patients with AT, usually in association with liver dysfunction (4, 6, 12, 16, 17) . Abnormal histological findings of the pituitary gland have been described in some reports, however these findings have not been correlated with pituitary function (11, 18, 19) . Hypothyroidism has been reported in a single series (4) .
The aim of this study was to characterize endocrine anomalies and growth patterns in a large cohort of patients with AT.
RESULTS

Patients' Characteristics
Fifty-two patients (23 females), aged 2-26.2 y at the time of last evaluation (mean 14.1 ± 4.9) were included. The diagnosis of AT was established based on mutant ATM in 45 patients, absent ATM on western blot in 7. Forty-three patients were homozygous for the ATM mutation, and two were double heterozygotes. Four patients had a double missense mutation with retained ATM protein and a mild clinical picture (20) . All other patients had truncating mutations and a classical severe phenotype. The most prevalent mutations were c.7249del 4 (14 patients), and c.103T>C (10 patients).Thirty-one patients were confined to wheel chairs, 18 had present or past malignancies. Nineteen patients were deceased at the time of data collection.
Growth Data
Forty-seven patients had at least one growth measurement. A total of 433 measurements were available for analysis. Age at last assessment was 14.2 ± 5.2 y (range: 2.5-26.3).
Median height-SDS was negative at all ages (Table 1, Figure 1 ). Height-SDS was already subnormal in infancy, before clinical onset of disease, and did not further deteriorate thereafter. Height-SDS was more impaired than weight-SDS in infancy. Thereafter, weight-SDS steadily decreased, resulting in a progressively worse BMI-SDS (Table 1, Figure 1 ).
Growth retardation was more prominent in females during later childhood and adolescence (Table 2, Figure 2 ). There was no influence of type of ATM mutation, ambulation capacity, or a history of malignancy on height-SDS or weight-SDS.
Mean IGF-I-SDS was low (−1.53 ± 1.54). There was no correlation between IGF-I-SDS and height-SDS (r = 0.09, P = 0.6), weight-SDS (r = −0.03, P = 0.8), or BMI-SDS (r = −0.19, P = 0.3).
Gonadal Function
Gonadotropin levels were available for 36 patients (18 males, 18 females). Among males, 17 had luteinizing hormone (LH), follicle-stimulating hormone (FSH) and testosterone levels appropriate for their age. One patient had mildly elevated LH and FSH levels with normal testosterone.
Of the female patients, 13 had high levels of LH and FSH (LH > 15 IU/l and/or FSH levels > 25 IU/l) indicating ovarian failure.
All five females with normal gonadotropin levels were less than 10 y old, an age when the pituitary-gonadal axis is naturally repressed and normal gonadotropin levels do not exclude gonadal failure.
Clinically, female patients with elevated gonadotropin levels presented a spectrum: only one patient had complete sexual development with regular periods. This patient carried the double missense mutation with retained ATM protein function. Of the other patients, one had complete sexual development with regular periods followed by secondary amenorrhea, three patients had menarche but data regarding subsequent periods were missing, one patient had partial development of secondary sex signs but primary amenorrhea, and one patient had no signs of puberty on her last evaluation at the age of 19 y. Five patients were assessed before 13 y of age and had no signs of puberty at that time, which could still be considered normal for their age; however, their increased gonadotropin Articles levels indicate ovarian failure and it is likely that they will have impairment of pubertal development or amenorrhea.
Glucose Metabolism
Glucose levels were available in 22 patients and HbA1c in 29 patients. Two patients (a male and a female) had overt diabetes, while all others had normal glucose and HbA1c measurements. Both of the diabetic patients were 20 y old at the time they were diagnosed with diabetes, and both had dyslipidemia and abnormal liver function. Neither was obese (BMI 25.7 and 19.8 kg/m 2 , respectively). Anti-Gad antibodies were negative in both patients. Anti-insulin antibody was measured in one patient and was negative. One had a prior history of acute lymphocytic leukemia that had been treated with chemotherapy. Both patients were successfully treated with Metformin.
Dyslipidemia
Lipid profile was available for 25 patients. Mean total cholesterol level was 166 ± 43 mg/dl, mean HDL was 43 ± 13 mg/dl, mean LDL was 102 ± 33 mg/dl, and mean triglyceride level was 127 ± 70 mg/dl. Five patients had at least one measurement of LDL > 130 mg/dl, and eight patients has least one triglyceride measurement > 130 mg/dl. Three of the patients with increased LDL also had hypertriglyceridemia.
Vitamin D
Vitamin D levels were available for 23 patients. Mean 25OHD levels were 18.7 ± 10.9 ng/ml. Twelve patients (52.2%) were vitamin D deficient (<15 ng/ml), and another five (21.7%) were vitamin D insufficient (15-20 ng/ml). Of the patients with 25OHD > 20 ng/ml (n = 6), only two patients had 25OHD levels >32 ng/ml, which are considered optimal by some guidelines (21) .
Other Endocrine Measurements
Thyroid function tests (thyroid-stimulating hormone, FT4) (available in 38 patients), cortisol (n = 31) and prolactin levels (n = 32) were normal in all evaluated patients.
DISCUSSION
In the current study, we evaluated endocrine abnormalities and growth patterns in a large cohort of 52 AT patients. Our most prominent findings were growth retardation and impaired body weight. These could be attributed to oropharyngeal dysphagia, chronic pulmonary infection, and impaired glucose metabolism (14) . Growth impairment preceded the impairment in weight gain. However, after the age of 4 y, weight-SDS steadily decreased, while height-SDS did not further deteriorate.
Growth retardation has been consistently described in patients with AT (1, (4) (5) (6) (7) (8) (9) (10) (11) 13, 14, 22) , usually in small series of patients, lacking longitudinal data or detailed growth patterns. Ersoy et al. (4) showed an association between growth retardation and sinopulmonary infections. Poor weight gain and abnormalities of the GH-IGF-I axis have also been suggested as possible contributors (14) .
In the current study, height-SDS was low before clinical onset of disease, and more impaired than weight-SDS in infancy. Thereafter, weight-SDS steadily decreased, while height-SDS did not further deteriorate (Table 1, Figure 1 ). These findings suggest that growth failure in AT patients is primary, rather than secondary to nutritional impairment or disease severity. (17, (23) (24) (25) . Impaired IGF-I activity may be implicated, as fibroblasts obtained from AT-affected individuals show low levels of IGF-I receptor (IGF-IR) expression and decreased IGF-IR promoter activity (26) . Furthermore, Atm may be a modulator of downstream signaling of IGF-I through the Akt/mTOR pathway (27) .
Several studies investigated the activity of the GH-IGF-I axis in AT patients, with conflicting results. A recent study by Voss et al. demonstrated severe GH deficiency in 6/10 AT patients with growth retardation (14) . The same group has previously reported low IGF-I and IGFBP3 levels in their patients, deteriorating with age (8) . In contrast, in three previous studies, GH stimulation tests were performed on a total of 13 patients showing a normal GH response in all of them (7, 15, 16) , and another study reported increased serum IGF-I levels (28) .
Unfortunately, we could not perform GH stimulation tests on any of our patients; however, the pattern of growth curves does not support abnormalities of the GH-IGF-I axis as the main contributor to growth failure in these patients. First, height-SDS seemed to stabilize in early childhood, and did not deteriorate further as would be expected in GH deficiency. Secondly, although mean IGF-I-SDS was low, it did not correlate with height-SDS.
Interestingly, growth retardation seemed to be more prominent in females than in males. This finding could be explained by ovarian failure and consequent compromise of the pubertal growth spurt during adolescence. Still, the impairment in females compared to males, was already evident around the age of 6 y, before the expected effect of sex hormones on growth velocity (Figure 2, Table 2 ). We did not identify any previous reference regarding this issue in humans, but in the atm − / − mice model, females tended to be smaller than male animals (25) . This may partially result from absence of the pubertal spurt due to ovarian failure, as shown in this study.
In the current study, we observed sexual dimorphism regarding gonadal function. Among the males, 17/18 assessed patients had normal LH, FSH and all patients older than 13 y had testosterone levels appropriate for their age. In contrast, all female patients older than 10 y (n = 13) had elevated levels of LH and FSH, indicating ovarian failure. Clinically, female patients with high gonadotropin levels presented a spectrum ranging from complete absence of pubertal development to normal sexual development with appearance of menstruation. Only one patient, with retained ATM protein and a mild clinical variant, reported having regular periods for several years.
Regarding AT male patients, several previous studies reported abnormalities of gonadal function, such as cryptorchidism or underdeveloped genitalia (1,13), while others reported normal pubertal development and normal sexual function (6, 12) . A single study reported increased basal and stimulated LH and FSH levels in a 7-y-old male (15). We did not identify any other documentation of assessment of LH, FSH, and testosterone levels in male AT patients.
Regarding female patients, previous reports, similar to our observation, suggest a spectrum ranging from complete absence of sexual development (6, (9) (10) (11) to normal development of secondary sexual signs with menstruation (6, 9) . Intermediate phenotypes were observed as well (7, 12, 15) . Two previous studies (7, 15) reported high FSH levels in one patient each. In another study, increased basal and stimulated gonadotropin levels were observed in a 13-y-old female (15) . Gonadal abnormalities including hypoplasia with germ cell deficiency or complete absence of the ovaries have been described postmortem (10, 13, 29) .
Gonadal failure has also been observed in the mouse AT model, with lack of mature gametes and a sexual dimorphism similar to our own observation. Male mutant mice have normal development of secondary sexual characteristics, and are capable of mating, but have complete disruption of spermatogenesis and are infertile. Ovaries of mutant females are devoid of primordial and maturing follicles and oocytes-primordial follicles seem to degenerate at the time of prophase of meiosis I in gametogenesis. The uterine lining does not show evidence of proliferation or degeneration, and there is no estrous cycling (24) . This may be attributed to Atm control of the number of meiotic double-strand-break (DSB) created by Spo11, important for meiotic recombination during gametogenesis in spermatogonia and priomordial follicle (23, 24, 30) . This mechanism may partially explain the finding of sexual dimorphism: in males, disruption of meiosis would be expected to affect mainly spermatogenesis, while testosterone production by Leydig cells would not be affected. In contrast, in females, hormone production is tightly linked to folliculogenesis, so lack of germ cells would be expected to result in infertility as well as in hormone deficiency. Still, impaired spermatogenesis in males would be expected to be reflected by high FSH levels, which were not observed in our patients. Thus, alternative explanations should be considered as well.
Abnormalities in glucose metabolism progressing with age have also been described in AT patients (4, 6, 15, 17) as well as in atm -/-mice (25). Diabetes mellitus was first described by Schlach et al. (16) , is characterized by hyperglycemia, hyperinsulinemia, and peripheral insulin resistance, and is rarely associated with glucosuria or ketosis (6, 16) . It is often associated with liver dysfunction (16) and both appear later in the course of the disease (6). In our cohort, 2/55 patients had overt diabetes, and both had liver dysfunction. All other screened patients had normal glucose and HbA1c measurements.
Regarding the mechanism of diabetes, one study suggested a significant decrease in insulin receptor affinity in monocytes of two AT patients (17) . In addition, Atm has been shown to be activated by insulin and to contribute to aspects of insulin action such as phosphorylation of 4EBP1 and, importantly, of Akt. Notably, activation of Akt is central to insulin-stimulated glucose transport in skeletal muscle, which is the primary depot for insulin stimulated clearance of blood glucose (31).
Articles
Atm also appears to regulate insulin functions and glucose homeostasis indirectly through a p53-dependent pathway (32) .
Although our diabetic patients were young and nonobese, diabetes-associated autoantibodies were not detected and their diabetes resembled clinically type 2 diabetes. A variant in ATM has been shown to affect the glycemic response of metformin, and adenosine monophosphate-activated protein kinase (AMPK), a mediator of metformin action, may be regulated by ATM (33) . Based on this observation, we elected to treat our patients with metformin, with good response.
Several investigators reported histological abnormalities of the pituitary gland (9, 11, 13, 18, 19) , thyroid (9) , and adrenal glands of AT patients (9, 10) . These findings might be of no clinical consequence, since thyroid function tests, cortisol, and prolactin levels were normal in all assessed patients.
Another major finding in the present study was suboptimal 25OHD level in 73.9% of the assessed patients. We could not assess bone density on our patients, since these evaluations require exposure to ionizing radiation. However, disease-related falls, mobility restrictions, and wheelchair-dependency in later disease stages may compromise bone structure and density of AT patients, and predispose them to fractures. Indeed, atm -/-mice show reduced bone mass, attributed to hypogonadism as well as to a direct effect of atm on osteoblast differentiation and impaired IGF-I signaling (34, 35) . In this regard, maintenance of adequate 25OHD levels is considered essential in the treatment of decreased bone density in children and adolescents (36) . Moreover, a growing body of evidence suggests an important role for vitamin D in cancer prevention, morbidity and mortality (37) . Given the high risk for malignancy in AT patients, maintenance of adequate 25OHD levels seems prudent.
Being a retrospective study based on extraction of data compiled in the medical charts over many years, our study has several limitations. Some patients were lost to follow up and could not be recalled; as well, many of our patients were deceased at the time of data collection. Consequently, some data were missing. Secondly, because the number and timing of growth measurements were different for each patient, it was not possible to perform statistical analysis on these data. Some clinical investigations, as growth hormone levels or bone density studies could not be obtained. However, to our best knowledge, this is the largest series focusing on endocrine abnormalities in AT patients, providing data previously not described regarding growth patterns, sex hormone levels, and vitamin D levels.
In conclusion, our findings suggest that growth retardation is common in AT patients, and that it is a primary feature of the disease, directly associated with the ATM mutation. Moreover, IGF-I levels were subnormal in the majority of our patients. Since IGF-I deficiency might contribute to the progression of neurodegeneration, immunodeficiency and lung failure, it has been suggested that treatment with growth factors may be a beneficial therapeutic option for AT patients (14) . Still, these potential benefits should be balanced against concerns regarding a possible causal role of GH treatment in malignancy (38, 39) . Sex hormone replacement therapy may need to be considered for adolescent females in order to support optimal linear growth, development of secondary sexual signs, and accrual of bone mass. Vitamin D deficiency was common in our cohort and given the implications for bone health and possibly for propensity to malignancy, should be monitored and treated with supplements.
METHODS
Patients
We performed a retrospective cross-sectional study on all 55 patients followed at the multidisciplinary AT clinic at the Edmond and Lilly Safra Children's Hospital, Sheba Medical Center, a national referral center for all AT patients in Israel. General demographic and phenotypic data, anthropometric measurements, and pertinent laboratory data were extracted from the medical charts. Three patients were excluded as they had no relevant laboratory or anthropometric measurements.
AT was diagnosed according to typical clinical findings plus one of the following: (i) a proven mutation in the ATM gene, (ii) deficient ATM protein proven by western blotting, (iii) positive linkage to ATM gene, (iv) elevated α-fetoprotein, cerebellar atrophy on MRI, and immune deficiency with or without abnormal chromosomal breakage (40, 41) .
The study was approved by the Institutional review committee at the Sheba Medical Center. (IRB # SMC-14-1271). Subject/parental informed consent was not required since the data was acquired from the chart while protecting the anonymity of the subject.
Anthropometric Measurements
Serial height and weight measurements were obtained from the patients' charts, and BMI was calculated based on the formula: weight (kg)/height (m) 2 . Height, weight, and BMI SD scores were calculated using age and gender-specific growth data (based on the Centers for Disease Control and Prevention's Year 2000 Growth Charts) (www. cdc.gov/growthcharts). These data have been found adequate for assessing Israeli children (42) . Recumbent height (length) was used for children younger than 2 y. For wheel-chair bound patients, arm span was measured and used as a surrogate for height.
Laboratory Measurements
Hormonal evaluation included: thyroid-stimulating hormone, free T4 (FT4), cortisol, IGF-I, FSH, LH, estradiol/testosterone, and prolactin. Blood samples were obtained between 07:00 and 09:00 am after an overnight fast. IGF-I levels were transformed to natural logarithm (ln) in order to achieve normal distribution, and standard deviation scores (IGF-I-SDS) for each subject were calculated as explained elsewhere (43) .
Definitions
Diabetes was defined as fasting glucose level ≥ 126 mg/dl. Dyslipidemia was defined as LDL > 130 mg/dl or triglycerides > 150 mg/dl (44) . The criteria used to determine vitamin D status were: 25-hydroxy vitamin D (25OHD) levels > 20 ng/ml = sufficiency, 15-20 ng/ml = insufficiency, <15 ng/ml = deficiency (45) . Since a level of 32 ng/ml has been suggested as the lower limit of normal for 25OHD levels by some authorities (21, 45) , data using this cutoff is also presented.
Data Analysis
Statistical analyses were performed using SAS version 9.2 (SAS institute, Cary, NC). Descriptive statistics are presented as number (percentages) and mean values ± SD or median and interquartile ranges. Correlations between IGF-I-SDS, height-SDS, weight-SDS, and BMI-SDS were described using the Pearson correlation coefficient. When several laboratory measurements were available for the same patient, the last available measurement was used. When more than one anthropometric measurement was available for the same age-year for the same patient, the average of these measurements was used.
